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The rapidity-odd component of directed flow (v1) of identified hardons (pi
±, K±, K0S , p, p, φ, Ξ,
Ξ, Λ, Λ) and partons (u, u, d, d, s, s) in Au+Au collisions at various beam energies (
√
sNN = 7.7,
11.5, 14.5, 19.6, 27, 39, 54.4, 62.4, 200 GeV) using a multi-phase transport model is analyzed. A
data driven approach (inspired from the experimental analysis) is performed here to distinguish the
transported and produced quarks which are found to have different directed flow values at various
collision beam energies. The coalescence sum rule (Number of Constituent Quark scaling) violation
is observed at lower energies where hadronic matters dominate. The strange quark (s) and φ meson
slope (dv1/dy) show a double sign change around 14.5 GeV unlike other partons and hadrons. It
suggests that strange quark is more sensitive to the softening of Equation of State (EoS).
I. INTRODUCTION
The main goal of relativistic heavy-ion collision
experiments is to understand the properties and
evolution of strongly interacting matter, called the
Quark-Gluon Plasma, as well as to explore the
hadron-quark phase transition. The rapidity-odd
component of directed flow (v1) is an important
probe to study the in-medium dynamics as it is sen-
sitive to the equation of state (EoS) of the produced
medium. Directed flow is generated during the nu-
clear passage time (2R/γ ∼ 0.1 fm/c at 200 GeV)
and it probes the onset of bulk collective dynamics in
the early stage of the collision [1, 2]. As a suggested
signature of a first order phase transition, directed
flow is sensitive to the existance of the critical point
and it plays an important role in the proposed beam
energy scan program[3–8]. The first-order harmonic
of the Fourier expansion in momentum distribution
of emitted particles is characterized as directed flow,
v1 = 〈cos(φ −ΨRP )〉 (1)
where φ and ΨRP are the azimuthal angle and
reaction plane angle, respectively [9–11]. The v1
contains both rapidity-odd and rapidity-even com-
ponents. Rapidity-odd component (vodd1 (y) = -
vodd1 (−y)) is referred to the sideward collective mo-
tion of emitted hadrons with respect to collision re-
action plane. The rapidity-even component even
(veven1 (y) = v
even
1 (−y)) is unrelated to the reaction
plane and it originates from event-by-event fluctu-
ations in the initial colliding nuclei. In this paper,
v1(y) implicitly refers to the odd component of di-
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rected flow. The transport and hydrodynamic mod-
els calculations suggested that the directed flow of
baryon v1 at mid-rapidity (y∼0) is sensitive to the
equation of state of the system [4, 12]. Severals hy-
drodynamic model calculations predict that the neg-
ative v1-slope near mid-rapidity called as wiggle or
anti-flow might be a possible QGP signature [13, 14].
Number-of-constituent-quark (NCQ) scaling is an
example of coalescence behavior among quarks. Be-
cause of the NCQ scaling, which is observed at
RHIC [16, 17] and LHC [18], the higher order flow
harmonics like v2 behaves as if it is developed at the
partonic level [20–22]. There are recent experimen-
tal measurement of directed flow of various identified
hadrons (pi±, K±, K0S, p, p¯, φ, Λ, Λ¯) from the STAR
collaboration at RHIC over a wide range of colliding
beam energies (7.7-200 GeV) [15]. Comprehensive
v1 measurement from STAR [15] supports the coa-
lescence mechanism as the dominant process in par-
ticle formation dynamics. There are several studies
in heavy-ion collisions to understand the hadron and
nuclei formation via coalescence and also hadroniza-
tion of quarks in heavy-ion collisions [23–30]. In re-
cent articles the importance of coalescence mecha-
nism and energy dependence directed flow are dis-
cussed [31–35] and an experimental review of v1 can
be found in Ref. [36].
The interplay between NCQ scaling and the trans-
port of initial-state u and d quarks towards mid-
rapidity during the collision offers possibilities for
new insights [37]. The produced strange (s) and
anti-strange (s) quark contribute in the resonance
(φ) formation and hence also play vital role in un-
derstanding the particle formation mechanism. Un-
derstanding the strange quarks or particles are very
important in order to understand the EoS, as the
dv1/dy of φ meson also shows a hints of sign change
similar to baryons (p, Λ) [15]. An approach to
2study v1 performed in this paper is inspired from
the STAR experiment at RHIC [15], where a com-
prehensive measurement of directed flow of identi-
fied hadrons are reported in a range of collision en-
ergies. The experimental paper verified the coales-
cence sum rule (NCQ scaling) using v1 measurement
although the NCQ scaling is well known in ellip-
tic flow (v2) measurement of identified hadrons at
RHIC and LHC [16–19]. Our model calculation is
also compared with the experimental results. The
calculation can reasonably well describe the data for
mesons over a range of energies. v1 prediction for
Ξ and Ξ baryons are also given along with the new
energy 54.4 GeV for various hadron species.
The paper is organized in the following sections.
Section II provides a brief description about the
AMPT event generator [38]. The analysis details
of calculating directed flow and the results which in-
clude the v1 of partons and hadrons followed by the
slope parameter (dv1/dy) are discussed in the Sec.
III. A summary with final remarks are given in the
Sec. IV.
II. THE AMPT MODEL
A multi-phase transport model especially the
string-melting version (AMPT-SM) is often used to
understand the experimental heavy-ion collision re-
sults. The hot and dense matter formed due to rel-
ativistic heavy-ion collisions are expected to be in
parton degrees of freedom and the AMPT-SM also
evolves through the partonic medium, thus makes
it a suitable model for interpreting the experimen-
tal results. The AMPT-SM version mainly consists
of four parts. The initial conditions are taken from
Heavy Ion Jet Inter-action Generator (HIJING) [39].
Scatterings among partons are described by Zhangs
parton cascade (ZPC) [40] model and for hadroni-
sation it uses the coalescence model. An extended
relativistic transport (ART) model describes the fi-
nal hadronic evolution [41]. HIJING model includes
two body nucleon-nucleon interactions to form ex-
cited strings and mini jets via hard and soft pro-
cesses. The mini-jet parton undergoes scattering be-
fore they fragment to partons and subsequently into
hadrons. The partonic interaction in ZPC model is
described by two body partonic elastic cross section
(σp) as given in Eq. 2.
σp =
9piα2S
2µ2
(2)
In this study the strong coupling constant (αS)
and parton screening mass (µ) are set to be 0.33 and
3.20 fm−1, respectively, leading to σp = 1.5 mb. Af-
ter partons freeze out, the hadronization process in
AMPT is described by a quark coalescence model.
A meson is formed by combining a quark with a
nearby anti-quark. Similarly, three quarks (anti-
quarks) combine to form a baryon (anti-baryon).
Here the formation process of mesons or baryons
(anti-baryons) is independent of the relative momen-
tum among the coalescening partons. In this coales-
cence process, each number of baryons, anti-baryons
and mesons in an event are conserved individually.
However, in the present study an improved quark co-
alescence method has been used [42]. The constraint
which forced separate conservation of the baryons,
anti-baryons, and mesons number via the quark coa-
lescence has been removed in the new method. How-
ever, the net-baryons and net-strangeness numbers
are still conserved for each event. In the new coales-
cence model, for a meson formation, any available
quark searches all available antiquarks and records
the closest relative distance (dM ) as the potential co-
alescence partner. The quark also searches all avail-
able quarks to find the closest one in distance as
a potential coalescence partner to form a baryon,
and then searches all other available quarks again to
find the one that gives the smallest average relative
distance (dB) among these three quarks. The con-
dition dB < dM * rBM has to be satisfied to form
a baryon else a meson is formed. A new coalescence
parameter rBM , controls the relative probability of
quark to form a baryon rather than meson. The
limit of rBM → 0 and rBM →∞ corresponds to no
anti-baryon formation (although to keep net-baryon
number conservation, a minimum number of baryons
would be formed) and almost no meson formation,
respectively. Similar coalescence procedure is also
applied to all anti-quarks.
In this analysis the mean field is not included [43].
The new parameter rBM which controls the relative
probability to form baryon via coalescence of a quark
is set to 0.61. The popcorn parameter PARJ(5)
value is changed to 0 from the default value 1.0
which controls the relative percentage of the BB¯
and BMM¯ channels. This rBM parameter value is
able to describe the dN/dy of proton yields at mid-
rapidity in central Au+Au collisions at
√
sNN = 200
GeV and central Pb+Pb collisions at
√
sNN = 2.76
TeV as shown in the Ref. [42].
III. ANALYSIS AND RESULTS
In this study, an improved version of AMPT-SM
model σp = 1.5 mb is used to study the directed
flow of identified hadrons in mid-central (10-40%)
Au+Au collisions at
√
sNN = 7.7, 11.5, 14.5, 19.6,
27, 39, 54.4, 62.4, 200 GeV, corresponding to RHIC
beam energy scan program (BES-I). The centrality
is determined using the charged particle multiplicity
(|η| < 0.5). This analysis is inspired from the recent
3experimental measurement from STAR at RHIC,
where a comprehensive v1 measurement has been
performed and coalescence sum rule is verified. The
effect of hadronic interaction on directed flow is also
studied by changing the hadron cascade time (tmax)
in the AMPT-SM. The particles reported here are
identified from their PYTHIA-id (PID). The par-
ticle selection cuts (e.g. momentum p, transverse
momentum pT ) are listed in the Tab. I, which is
similar to the experimental data [15, 44], in order to
have a better comparison.
Hadron pT cut (GeV/c)
p, p¯ 0.2 < pT < 2.0
pi±, K± pT > 0.2, p < 1.6
Λ, Λ¯,K0S , Ξ, Ξ 0.2 < pT < 5.0
φ 0.15 < pT < 10.0
TABLE I. List of hadrons with their corresponding mo-
mentum cuts used in this analysis.
The directed flow is calculated by averaging the
azimuthal angle (φ) using the formula v1 = 〈cos(φ−
ΨRP )〉 with respect to the reaction plane angle,
ΨRP .
Figure 1 shows the directed flow of charged
hadrons and φ mesons as a function of rapidity
for tmax = 0.4 and 30 fm/c in 10-40% centrality,
Au+Au collisions at 7.7, 14.5, 27, 54.4 and 200 GeV.
The v1 of negatively charged hadrons (and positively
charged hadrons at higher energies) are found to be
not well developed for tmax = 0.4 fm/c, because the
particles could not get enough time to have hadronic
interactions unlike the case of tmax = 30 fm/c. How-
ever, positively charged hadrons at lower energies
for tmax = 0.4 fm/c have relatively significant v1
as compared to higher energies because of the domi-
nant transported quark at low energies. It is also ob-
served that the hadronic interaction affects v1 more
at higher rapidity. The φ mesons in our tmax = 30
fm/c results represent those which have not decayed
by the time of 30 fm/c (i.e. φ mesons that have sur-
vived to the time of 30 fm/c). However, φ meson
life time is relatively large and hence they represent
a majority of the total φ mesons. The v1 of φ meson
for tmax = 0.4 and 30 fm/c are found to be similar
at higher energies i.e unaffected by hadronic inter-
actions. This is because the φ meson has a small
hadronic scattering cross section and long life time
(∼ 42 fm/c), which thus leads to its decay mainly
outside the fireball [45]. We also find that hadronic
scatterings have little effect on the proton and anti-
proton v1 within |y| < 1.5.
Figure 2 shows the directed flow of various iden-
tified hadrons (corresponding rows) as function of
rapidity in semi-central (10-40%) Au+Au collisions
at different collision beam energies (corresponding
columns) using AMPT-SM, tmax = 30 fm/c. The
rapidity dependence of identified hadrons v1 gets
stronger with decreasing collision beam energy. At
highest RHIC energy (200 GeV), particle and anti-
particles v1 values are found to be similar. The
v1 values of baryons and anti-baryons have oppo-
site trend and the difference increases with decrease
with energy. The mesons like K± andK0S have simi-
lar v1 values like pi
+ and pi− over the measured beam
energies. φ meson v1 as a function of rapidity is ob-
served to be similar to baryons (p, Λ, Ξ), which have
a strong positive slope at lower energy unlike other
mesons (K±, K0S , pi
±).
Figure 3 shows the comparison of directed flow
as a function of rapidity between experimental data
from STAR at RHIC [15] and AMPT-SM (σp =
1.5 mb, tmax = 30 fm/c) calculation for different
identified hadrons at various collision energies. The
AMPT-SM model better describes the experimen-
tal data of mesons as compared to the baryons and
anti-baryons over the studied energy range.
The strength of directed flow signal at mid-
rapidity is usually characterized by the linear term,
F, in the equation v1(y) = Fy + F3y
3 [15] or by
the slope (F
′
) parameter of the fit function v1(y) =
F
′
y + C [44]. Here, the slope parameter F
′
is de-
noted as dv1/dy. By using the cubic fit function one
can reduce sensitivity to the rapidity range in which
the fitting is performed. However, in order to have a
better comparison we have used the linear fit func-
tion similar to the experimental STAR result [15].
The fitting range for various hadron species are |y|
< 0.8 for all measured particles except for φ meson
which is fitted in the rapidity range, |y| < 0.6.
The collision beam energy dependence of the di-
rected flow slope, dv1/dy, for baryons (p, p, Λ, Λ,
Ξ, Ξ) and mesons (pi−, pi+, K+, K−, K0S, φ) are
shown in Fig. 4 (a) and Fig. 4 (b), respectively. The
dv1/dy of measured baryons such as p, Λ, and Ξ are
found to have similar value and their anti-particles
p¯, Λ¯, and Ξ have also similar slope within the un-
certainty over the measured energy range. All the
measured baryons have positive dv1/dy where as
their anti-particles have negative slope values. In
AMPT-SM, the sign change of baryons’ (p and Λ)
slope is not observed unlike observed in STAR ex-
periment [15]. The dv1/dy of pi
− and pi− are simi-
lar; K+ and K− values are also similar except for
lower energies (< 19.6 GeV) and their average value
corresponds to slope of K0S meson. All the mesons
except φ resonance have negative dv1/dy below 39
GeV collision energy like the corresponding STAR
results [15]. Overall magnitude of baryons and anti-
baryons dv1/dy are larger than the mesons.
Figure 5 shows the φmeson slope calculated by us-
ing different fitting ranges for both linear and cubic
function in Au+Au collisions from
√
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44− 2− 0 2 4
0.2−
0
0.2
4− 2− 0 2 4
0.2−
0
0.2
4− 2− 0 2 4
0.1−
0
0.1
4− 2− 0 2 4
0.2
0
0.2
4− 2− 0 2 4
0.2
0
0.2
4− 2− 0 2 4
0.1
0
0.1
4− 2− 0 2 4
0.2
0
0.2
4− 2− 0 2 4
0.2
0
0.2
4− 2− 0 2 4
0.2
0
0.2
4− 2− 0 2 4
0.2
0
0.2 AMPT-SM
4− 2− 0 2 4
0.2
0
0.2
4− 2− 0 2 4
0.2
0
0.2
4− 2− 0 2 4
0.2
0
0.2
 = 30 fm/cmaxt
 = 0.4 fm/cmaxt
0.1
0
0.1
4− 2− 0 2 4
0.2
0
0.2
 = 7.7NNs 14.5 27 54.4 200 GeV
+h
-h
φ
) 1
v
D
ire
ct
ed
 fl
ow
 (
)yRapidity (
FIG. 1. Directed flow (v1) as a function of rapidity (y) for hadron cascade time, tmax = 30 fm/c (solid marker),
0.4 fm/c (open marker). Upper, middle and lower rows correspond to positively, negatively charged hadrons and
φ meson, respectively in 10-40% centrality, Au+Au collisions at
√
sNN = 7.7, 14.5, 27, 54.4 and 200 GeV using
AMPT-SM.
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FIG. 2. (Color online) Directed flow (v1) as a function of rapidity (y) for hadron cascade time, tmax = 30 fm/c for
different identified hadrons (rows) in Au+Au collisions at
√
sNN = 7.7, 11.5, 14.5, 19.6, 27, 39, 54.4, 62.4 and 200
GeV (columns).
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FIG. 3. (Color online) Directed flow (v1) as a function of rapidity (y) for different identified hadrons (rows) using
AMPT-SM model (hadron cascade time, tmax = 30 fm/c) is compared with the experimental data (solid circle) from
STAR at RHIC [15] in Au+Au collisions at
√
sNN = 7.7, 11.5, 14.5, 19.6, 27, 39, 62.4 and 200 GeV (columns).
GeV. The dv1/dy shows the sign change in between
11.5 to 27 GeV for the fitting range |y| < 0.6 and |y|
< 0.8. The fitting range in the STAR measurement
is |y| < 0.6 [15]. When the fitting range increases,
the magnitude of negative slope decreases and for
|y| < 1.0 the dv1/dy becomes positive within uncer-
tainty for all measured energies. There is an hint
of slope change as observed in STAR [15] although
the statistical significance is poor. The slope change
of φ meson might be due to short range fitting (|y|
< 0.6) of v1 as a function of rapidity. There is no
difference between the φ meson slope calculated us-
ing linear and cubic function even though different
fitting ranges are considered. One can also observed
that there is a sharp increase in the φ meson slope
with decrease in energy (< 11 GeV) which is similar
to the STAR experimental results at RHIC [15].
The energy dependence of proton dv1/dy receives
contribution mainly in two ways (i) v1 of trans-
ported protons from the initial colliding beam ra-
pidity toward the mid-rapidity and (ii) v1 of pro-
tons from pair (particle and anti-particle) produc-
tion near mid-rapidity. The importance of pair pro-
duction increases with increase in colliding energy.
The ”net particle” is a measure of excess particles
yield over its anti-particles. It is used to disentangle
the transported quarks relative to that of produced
in the collisions by using Eq. 3.
[v1(y)]p = r(y)[v1(y)]p¯ + [1− r(y)][v1(y)]net−p, (3)
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FIG. 4. (Color online) The slope (dv1/dy) of baryons,
mesons and net-p, net-Λ, net-K are shown in upper, mid-
dle and lower panels as a function of beam energy for 10-
40% centrality, respectively. The dotted lines are smooth
curves drawn here to guide the eye.
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FIG. 5. (Color online) Beam energy dependence of φ-
meson slope parameter obtained using different fitting
ranges and fit functions for 10-40% centrality. The dot-
ted lines are smooth curves drawn here to guide the eye.
where r(y) is the rapidity dependence of anti-
proton to proton ratio at each beam energy. The for-
mulae for net-K and net-Λ are defined in the similar
way as Eq. 3. Anti-proton v1 has been proposed as
proxy of produced proton v1 in the Ref [44] and net-
p slope is also used to distinguish the transported
baryonic matter and hydrodynamic effect [15, 44].
There are also model calculation which suggests that
the transported quarks (u and d from initial collid-
ing nuclei) contribute more towards the formation of
hadrons like p, Λ and K+ [37]. Figure 4 (c) shows
the net-p, net-Λ and net-K dv1/dy as a function of
beam energy for mid-central (10-40%) Au+Au col-
lisions from
√
sNN = 7.7-200 GeV. The net-p and
net-Λ have positive and similar dv1/dy unlike the
net-K over the measured energy range.
In this analysis, there are several (12) hadrons
which allow us to have a comprehensive study of
constituent quark v1. The assumption like v1 is de-
veloped in pre-hadronic stage, each type of quark has
different directed flow and that hadrons are formed
via quark coalescence can be tested here. The coa-
lescence sum rule suggests that at smaller azimuthal
anisotropy coefficient (vn), the detected hadron’s vn
is sum of their constituent quark’s vn [15]. The pop-
ular example of NCQ scaling observed at RHIC and
LHC are followed from the coalescence sum rule [16–
18].
Figure 6 (upper panel) shows the comparison of
Λ¯(uds) and K−(us) + 1
3
p(uud) slope as a function
of beam energy for 10-40% centrality in Au+Au col-
lisions from 7.7-200 GeV. The example stated here
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FIG. 6. (Color online) Upper panel shows the compar-
ison of Λ¯(uds) and sum rule test for produced quark
(K−(u¯s)+ 1
3
p¯(uud)) slope as a function of beam energy.
Lower panel shows another set of sum rule test using net-
Λ and net-p for 10-40% centrality in Au+Au collisions
using AMPT-SM. The solid and dotted lines are smooth
curves drawn here to guide the eye.
is the most suitable to test coalescence sum rule be-
cause both Λ(uds) and p(uud) are produced unlike
the u and d quarks which could be either produced or
transported. However, by comparing these two cases
we have assumed that s and s have same flow. The
scale factor 1
3
is due to the assumption that u and
d have the same v1. But we found that except for
highest energy both of them are found to have differ-
ent slope indicating violation of these assumptions.
The dv1/dy of s and s¯ are different except for highest
RHIC energy as shown in the Fig 8 for AMPT-SM,
σp = 1.5 mb. As per the assumption, one can ob-
serve that u and d have similar slope as shown in the
Fig. 8. The STAR measurement at RHIC also found
that the slope of Λ¯(uds) and scaled p(uud) have dif-
ferent slope at lower energies [15] and this might be
due to the assumption that s and s¯ have similar v1
over all measured energy ranges which may not be
valid for lower energies.
Figure 6 (lower panel) shows the first case of co-
alescence sum rule involving u and d quarks which
are either transported or produced and hence it is
cumbersome to distinguish them in general. How-
ever, one can naively expect that at lower beam en-
72− 0 2
0.02−
0
0.02
2− 0 2
0.02−
0
0.02
2− 0 2
0.02−
0
0.02
2− 0 2
0.02
0
0.02
2− 0 2
0.02
0
0.02
2− 0 2
0.02
0
0.02
2− 0 2
0.02
0
0.02
2− 0 2
0.02
0
0.02
2− 0 2
0.02
0
0.02
2− 0 2
0.02
0
0.02
2− 0 2
0.02
0
0.02
2− 0 2
0.02
0
0.02
2− 0 2
0.02
0
0.02
2− 0 2
0.02
0
0.02
2− 0 2
0.02
0
0.02
2− 0 2
0.02
0
0.02
2− 0 2
0.02
0
0.02
2− 0 2
0.02
0
0.02
2− 0 2
0.02
0
0.02
2− 0 2
0.02
0
0.02
2− 0 2
0.02
0
0.02
2− 0 2
0.02
0
0.02
2− 0 2
0.02
0
0.02
2− 0 2
0.02
0
0.02
2− 0 2
0.02
0
0.02 u u
2− 0 2
0.02
0
0.02 d d
2− 0 2
0.02
0
0.02 s s
 = 7.7NNs 11.5 14.5 19.6 27 39 54.4 62.4 200 GeV
) 1
v
D
ire
ct
ed
 fl
ow
 (
)yRapidity (
FIG. 7. (Color online) Directed flow (v1) as a function of rapidity (y) for different quark (anti-quark) solid marker
(open marker) are shown in corresponding rows for Au+Au collisions at
√
sNN = 7.7, 11.5, 14.5, 19.6, 27, 39, 54.4,
62.4 and 200 GeV (columns) using AMPT-SM.
ergy, u and d quarks are mostly transported whereas
these quarks are largely produced at high colliding
beam energy. In this figure, two different coales-
cence sum rule scenarios are compared with the net-
Λ (open star). First case is the net-p minus u plus
s, where u and s quarks are obtained from p¯/3 and
K−(u¯s) − 1
3
p¯(uud), respectively as represented by
blue diamond symbol. Here, the produced u quark
in net-p is replaced by s quark. However, we do
not have the corresponding straight forward expres-
sion for representing the transported u and d quarks.
The sum rule is found to be in a good agreement with
net-Λ above 39 GeV and start deviating for lower en-
ergies. This observation suggests that the fraction
of transported quarks in the constituent quarks as-
sembly of net-p increases with decrease in collision
beam energy, which imply that the assumption of
produced u quark is removed by keeping the term
(net-p - 1
3
p¯) also starts deviating. The observation
of getting the transported quark dominance at lower
energy (≤ 39 GeV) in 10-40% centrality Au+Au col-
lisions using AMPT-SM is qualitatively similar to
that of observed in STAR experiment at RHIC [15].
The second case of coalescence sum rule i.e (2
3
net-
p + s) is also shown in (red open circle marker)
Fig. 6 (lower panel). In this sum rule, it is assumed
that in the limit of low beam energy, the constituent
quarks of net protons are dominated by transported
quarks, and s quark replaces one of the transported
quarks. This assumption starts showing disagree-
ment for beam energy greater than 19.6 GeV i.e.
the disagreement between black and red markers.
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FIG. 8. (Color online) Slope (dv1/dy) as a function of√
sNN for quark, anti-quark and φ meson using AMPT-
SM for parton-parton cross section (σp) of 1.5 mb. The
φ meson slope is divided with corresponding number of
constituent quarks i.e 2.
Figure 7 shows the directed flow of partons (u, u¯,
d, d¯, s and s¯) systematic evolution in Au+Au colli-
sions from low to high energy (
√
sNN = 7.7 to 200
GeV). All the anti-quarks are produced unlike the u
and d quarks which might be either transported or
produced depending on the collisions beam energy.
So, at highest RHIC energy both the quarks and
anti-quarks have same v1 as these are expected to be
8mostly produced. However, with decrease in beam
energy the v1 difference between them increases and
anti-quarks shows larger directed flow than quarks.
v1 of quarks forming primordial proton have the op-
posite sign compared with v1 of all quarks, and fur-
ther study is needed to understand why this is the
case for the quark coalescence in AMPT. Further-
more, the v1 slope of quarks coalescing to primordial
proton and the corresponding proton have similar
slope. However, the final proton (Fig. 2) which in-
cludes decay contribution and hadronic interaction
have similar positive slope like primordial proton but
different in magnitude.
Directed flow slope parameter of quarks, anti-
quarks and φ meson as a function of beam energy
is shown in Fig. 8. The slope of u and d quarks is
found to be similar and decreases with increase in
beam energy unlike the s quark. All the light anti-
quarks (u¯, d¯ and s¯) have more negative slope than
their corresponding quarks. However, there is a clear
deviation of s¯ slope from the trend of s quark except
at the highest energy. The φ meson slope does not
scale with the s and s quarks’ slope.
IV. SUMMARY AND OUTLOOK
A comprehensive study of rapidity-odd compo-
nent directed flow for charged and identified hadrons
in Au+Au collisions (10-40% centrality) for a range
of collision beam energies using an improved coa-
lescence AMPT-SM model has been discussed. The
coalescence sum rule or commonly known as NCQ
scaling is tested using the directed flow measurement
of identified hadrons. The analysis performed here
are summarized in the following.
The effect of hadronic interaction on v1 of charged
hadrons and φ meson are reported. The v1 of
charged hadrons are found to be not well developed
for tmax = 0.4 fm/c, because the particles could not
get enough time to have hadronic interactions un-
like the case for tmax = 30 fm/c, except for posi-
tively charged hadrons at lower energies where the
transported quark effect is more dominant. How-
ever, the φ-meson v1 is found to be unaffected by
hadronic interaction because of it’s small hadronic
cross section and also it decays outside the fireball
(life time ∼ 42 fm/c). The double sign change of φ
meson slope in between 11.5 to 27 GeV is observed.
This sign change is also found to be an artifact of
small fitting ranges while extracting the v1 slope.
The sign change goes away making positive slope
for all measured energies when the linear or cubic
function is fitted in a larger rapidity range (|y| <
1.0). This observation emphasizes the crucial im-
portance of fitting range while extracting the slope
parameter (dv1/dy) in the real data measurement.
Prediction for directed flow as function of rapidity
and slope parameter of various identified hadrons in
semi-central (10-40%) Au+Au collisions at
√
sNN
= 54.4 GeV are reported. The v1 calculation of Ξ
and Ξ baryons is predicted for a range of energy and
the values are found to be similar to protons and Λ
baryons. The v1 results at higher rapidity range are
also shown here, which cover the Event Plane De-
tector (EPD) pesudo-rapidity (η) range installed in
STAR detector at RHIC for BES-II program.
We find that light quarks such as u and d have sim-
ilar slope and it decreases with increase in beam en-
ergy unlike the s quark. The anti-quarks (u¯, d¯ and s¯)
have more steeper negative slope than corresponding
light quarks and are similar for the measured beam
energy range. The s and s quarks have different v1
except for the highest energy. There is a clear in-
dication that s quark slope start deviating from the
trend of s quark with the decrease in energy. The
measured baryons (p, Λ and Ξ) have similar posi-
tive slope and increases with decrease in beam en-
ergy unlike their corresponding anti-particles. The
AMPT-SM model shows no sign change for p and Λ
slope unlike that observed in STAR experiment at
RHIC [15]. The slopes of pi+, pi−, K+, K− and K0S
mesons are positive at the highest RHIC energy then
start decreasing and becomes negative with decrease
in beam energy. The slope of K0S is approximately
average of K+ and K− slope as observed in STAR
at RHIC [15].
The test of coalescence sum rule using produced
quarks are done by comparing the slope of Λ¯(uds)
and K−(u¯d) + 1
3
p¯(uud). These are found to have
different slope and the departure increases with de-
crease in energy which might be due to break-down
of the assumption that s and s¯ have same flow over
the measured energy range. The slope of net-p and
net-Λ are similar over the measured energy range.
The sum rule (net-p - 1
3
p¯ + s) and net-Λ are found
to be similar for energy higher than 39 GeV. The de-
viation at lower energy might be an indication that
the assumption of produced u quarks effect can be
removed by keeping the term p
3
. This assumption
does not hold at lower energies, which is similar to
the observation in STAR at RHIC [15]. The sum
rule (2
3
net-p + s) and net-Λ values starts deviating
at energy higher than 19 GeV. This sum rule as-
sumes that at lower energy the transported quarks
dominates and one of the transported quark of net-p
is replaced by s quark. Hence, this approximation
breaks down in the limit of high beam energy which
is qualitatively similar to the observation in STAR
at RHIC [15].
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